This paper presents the development of a novel solid phase methane fermentation process involving acidic bio leachate production from an organic bed and biomethana tion of the bed-liquefaction products in an external methane digester. Process operation with municipal solid waste showed that about 81 percent of the biodegradable volatile solids (VS) could be stabilized during three months of batch operation to afford a methane yield of 0.21 std m3/kg VS added under ambient (-25°C) conditions; this compares favorably with an ultimate mesophilic (35°C) methane yield of 0.26 std m3/kg VS added.
INTRODUCTION
The Institute of Gas Technology has been conducting research on energy production from municipal solid wastes (MSW) for many years [1] [2] [3] [4] . Various energy conversion processes including hydrogasification, pyrolysis, and biological gaSification by anaerobic digestion have been in vestigated. Due to the very heterogeneous nature of MSW and its high moisture content anaerobic digestion seems to be an attractive approach to energy production and simul taneous stabilization of putrescrible organic matter. Be cause anaerobic digestion is conducted with a rather dilute slurry (3-6 wt percent solids content) of predominantly organic solids, most research on MSW digestion has been conducted by separating an organic fraction from packer truck refuse and slurrifying this material by adding ex ternal water or other aqueous waste to prepare a digester feed. Since MSW is low in nitrogen, phosphorus and other nutrients necessary for continuous-flow slurry-phase diges tion, external nutrients have to be added to obtain satisfactory conversion efficiencies.
An alternative novel approach to biological gasification of MSW is solid-phase methane fermentation; this process does not require any elaborate feed preparation involving organics-inorganics separation, slurrification, or addition of external nutrients. The purpose of this paper is to present data demonstrating the validity of the solid-phase methane fermentation concept.
SOLID-PHASE DIGESTION CONCEPT
Methane fermentation of high-solids feeds occurs natur ally in municipal landfills, manure piles, peat beds, and other solid-bed organic deposits, but these natural pro cesses are uncontrolled, are slow to start, and require an unduly long time, frequently many years, to achieve com pletion of the methane fermentation process. Three im portant reasons for impeded fermentation within a high solids bed are mass transport limitations within the bed, .the occurrence of an imbalance between volatile fatty acids (V A) production by acidogenic bacteria and the conversion of acids to methane by m�thanogenic bac teria, and the absence of adequate amount of moisture in the solid bed. coming the above problems of high-solids feed digestion is to induce rapid bioleaching of an organic bed by applica tion of an appropriate acidogenic culture, and to accelerate the leaching process by reactivating the percolating cul tures under controlled environment for reapplication on and recirculation through the bed (Fig. 1) . As the bio leaching process is continued solubilized organics, volatile acid precursors, and volatile fatty acids accumulate in the recirculating stream. Once the total fatty acids concentra tion reaches a preselected level, a part of the bioleachate The solid-phase anaerobic digestion process described above incorporates the basic principles of two-phase digestion [5] [6] [7] [8] , and is expected to be applicable to MSW deposits (landfills), manure and gob piles, industrial solid wastes, agricultural and forestry residues, peat beds, and other heterogeneou� organic deposits.
ADVANTAGES
The solid-phase digestion process is expected to be superior to slurry-phase digestion and the so-called "dry"
fermentation process because of the following potential advantages:
• Minimum feed processing (e.g., shredding and separation) is required 
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System operation and performance were monitored by analyzing the influents and effluents for volatile acids, pH, and chemical oxygen demands (COD). Gas productions from the refuse bed and the anaerobic filter were measured daily or at suitable intervals, and the gases were analyzed for methane, carbon dioxide, and hydrogen concentra tions.
RESULTS AND DISCUSSION

SYSTEM START-UP
After two days of bed operation significant substrate liquefaction and acidification had taken place, as indicated by conversion of refuse COD to soluble COD and in creases in leachate volatile acids concentrations (Fig. 2) .
The methane-phase anaerobic filter, which was pre acclimated to refuse-derived Y A, was started at this time DIGESTION TIME, day.
FIG.3 TIME PROFILES OF LEACHATE VOLATILE ACID AND COD, AND METHANE CONTENT OF HEAD GASES FOR MSW SOLID BED
by intermittently pumping a part of the refuse·bed leachate to the bottom of the filter. Anaerobic fllter operation was started at an HRT (hydraulic retention time) of 146 hr and a loading rate of 0.11 kg COD/m3 -day. The HRT could be decreased to 8 hr and the loading rate could be increased to 2.4 kg COD/m3 -day after four days of fllter operation. The filter effluent was recirculated to the inlet end to dilute the incoming V A concentration. Methane-phase effluent intermittently flowed over to the facultative acid-phase digester operated at an HRT of 1-2 hr. The ORP (oxidation-reduction potential with respect to calomel electrode) (Ec) of this digester was monitored and controlled between -200 mV and -300 mV by limited aeration, as needed, to control the methanogenic activity of the digester effluent, which was continuously delivered to the top of the refuse bed. Gas production in the aCid-phase digester was very low.
During the first 10 days of operation almost all the system methane was produced from the methane-phase filter. This is because methane production in the refuse bed was suppressed by the low-pH (5.5-5.9), high-ORP (>230 m V), and low-bicarb onate-alkalinity conditions promoted by the selected operating strategy. The COD and VA data plotted in Fig. 2 showed that refuse liquefac tion and volatile acid formation started immediately upon bed inoculation. Similarly, methanation of the bed bioleachate could be initiated shortly after starting the fllter operation. All conversion reactions including refuse lique. faction and acidification, and methanation of the bio leachate acids progressed rapidly with continued system operation. These observations demonstrated that it is possible to accelerate gasification and stabilization of an organic bed such as a landfill substantially by applying the two-phase solid-bed fermentation process described in this paper.
BED-GAS I F ICAT ION CHARACTE R IST ICS
The rate of liquefaction of the refuse solids increased to a peak value after about 20 days of operation as in dicated by the COD, volatile acids, and methane-concen tration profiles in Fig. 3 . The liquefaction efficiency, defined as the ratio of the sum of the bioleachate and methane COD's to the raw·refuse COD, increased ex ponentially to about 28 percent during the first 20 days of operation, after which time it only increased by about 10 percentage points during the next 80 days when bed stabilization was virtually completed. Liquefaction prod ucts were volatile acids and other soluble compounds as detected by the flltrate-COD determinations. Acetate was the major volatile acid produced during the initial 15 days of operation, after which time propionic acid predominated DIGESTION TIME, day.
FIG.4 TIME PROFILES OF VOLATILE ACIDS IN MSW BED LEACHATE AND METHANE-PHASE FILTER EFFLUENT
over the other acids. Peak concentrations of acetate and propionate were about 3300 mgjL and 8200 mgjL occurr ing after 7 days and 30 days into the run. The refuse bed exhibited little gas production during the initial 15 days of system operation. Gas production started after this time and leveled out after about 65 days of bed operation. A gas yield of 0.27 std m3/kg VS added (4.3 SCF/lb VS added) was observed after about 97 days of operation.
Considerable consolidation of the solid refuse bed took place as a result of gasification. The bulk density of the hand-packed bed material increased from 268 kg/m3 (3.5 lb/ft3) before digestion to 770 kg/m3 (9.9 lb/ft3) after 97 days of digestion.
PERFORMANCE OF METHANE-PHASE ANAEROBIC FI L TER
The performance of the anaerobic filter, which was packed with ceramic burl saddles, improved markedly
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• within three days after start up. Methane production rate increased from 0.2 1 vol/day-vol at start-up to about 4.0 vol/day-vol on the sixth day of operation. As indicated by the V A profiles in Fig. 4 , operation of the filter was so adjusted that f1lter-effluent V A's closely paralleled the bed-effluent VA's. The methane-phase fllter was able to accept influent VA and COD concentrations up to 9000 mgjL and 18,000 mg/L, and exhibited VA and COD con version efficiencies up to 81 percent and 80 percent, respectively. Depending on the stage of operation, methane content of the gases ranged between 50 mol per cent and 79 mol percent, and methane production rate after start-up varied from 4 vol/day-vol to 7 vol/day-vol. These performances obtained with the refuse bioleachate are superior to filter performances observed with other feeds.
OVERALL SYSTEM PER FORMANCE
As depicted in Fig. 5 , the overall system exhibited a biogas yield of 0.38 std m3/kg VS added (6 SCF/lb VS 7 r ------------------------------------------------ 
CONCLUSIONS
The results of this study showed that rapid gasification and stabilization of a refuse bed can be achieved by two phase solid-bed digestion involving aCid-phase bioleachate production and methanation of the bioleachate irt an external methane-phase digester. During batch operation gas production was suppressed initially in the bed owing to the occurrence of high-V A, low-pH, and low-alkalinity conditions. Liquefaction and volatile-acid production 688 were the major reactions in the refuse bed. These reac tions and gasification were accelerated substantially by recirculation of an acidogenic culture and by total internal recycling of the indigeneous refuse nutrients from the methane digester to the refuse bed. The bulk density of the digested refuse was 770 kgfm3 compared with 268 kg/m3 for raw refuse, showing substantial volume reduc tion occurring during the solid-phase digestion process.
Excellent performance of an external methane-phase filter could be obtained when it was operated with bio leachates having VA and COD concentrations up to 9000 mg/L and 18,000 mg/L, respectively. COD and VA con versions up to 81 percent, a methane content up to 79 mol percent, and a methane production rate up to 7 vol/day-vol were obtained with the anaerobic filter. The overall system afforded a batch methane yield of 0.21 std m3/kg VS added (3.3 SCF/lb VS added ) after three months of digestion. The solid-phase methane fermenta tion process did not require any external nutrient addi tion. About 81 percent of the biodegradable refuse organics were converted during a three month period.
